Abstract The aim of this study was to undertake a detailed analysis of the structure of the inter and intralamellar regions of the annulus fibrosus. A total of 30 newborn to 6 year-old lumbar ovine intervertebral discs (IVDs) were fixed and decalcified en-bloc to avoid differential swelling artifacts during processing and vertical midsagittal, and horizontal 4 lm sections were cut. These were stained with toluidine blue to visualise anionic proteoglycan (PG) species, H & E for cellular morphology and picrosirius red (viewed under polarized light) to examine collagenous organization. Immunolocalisations were also undertaken using anti-PG core-protein and glycosaminoglycan (GAG) side chain antibodies to native chondroitin sulphate (CS), D C-4-S and C-6-S unsaturated stubs generated by chondroitinase ABC digestion of CS, keratan sulphate (KS), and with antibodies to type I, II, VI, IX and X collagens. Trans-lamellar cross bridges (TLCBs), discontinuities in annular lamellae's which provide transverse interconnections, stained prominently with toluidine blue in the adult IVDs but less so in the newborn IVDs. In adult discs TLCBs were evident in both the posterior and anterior AF where they extended from the outermost annular lamellae almost to the transitional zone extending across as many as eight lamellar layers displaying a characteristic circuitous, meandering, serpentine type course. There were significantly fewer TLCBs in 2 week-old compared with skeletally mature sheep and there was a further increase from 2 to 6 years. Immunolocalisation of perlecan delineated blood vessels in the TLBs of the newborn but not adult IVDs extending into the mid AF. In contrast adult but not 2 week-old TLCBs were immunpositive for C-4-S, C-6-S, KS, aggrecan, versican and type VI collagen. The change in number and matrix components of the translamellar cross bridges with skeletal maturity and ageing suggest that they represent an adaptation to the complex biomechanical forces occurring in the annulus fibrosus.
Introduction
The intervertebral disc (IVD) is the largest predominantly avascular, alymphatic and aneural structure in the human body. It is composed of several connective tissues of dissimilar composition and structure and it is the dynamic interplay between these in the biocomposite IVD which equips it with its unique biomechanical properties and ability to act as a viscoelastic and hydrodynamic weight bearing cushion absorbing and dissipating axial spinal compressive loads [5, 7, 16, 22, 40, 49, 50] . The outermost region of the IVD, the annulus fibrosus (AF) is composed of collagenous lamellae which convey tensile properties and along with the superior and inferior hyaline-like cartilaginous endplates, prevent the inner proteoglycan rich region of the IVD, the nucleus pulposus (NP) being extruded anteriorly or posteriorly during axial and torsional spinal loading.
The type I and II collagen fibre networks are arranged at a 60°angle relative to one another in adjacent lamellae [16-19, 22, 40, 49, 50] . Elastic fibres traverse between lamellae where they have a role to play in the recoil properties of these tissues aiding lamellae collagen crimp patterns to return to their pre-loaded dimensions and orientations [4, 6, 24-26, 43, 54-57] . These fibre networks couple adjacent lamellae together such that they work co-operatively during dynamic loading and prevent separation of lamellae during torsional compressive loading. A further adaptation in the AF is the recently described translamellar cross-bridge [41, 42] . This is a discontinuity in the lamellae which traverses and interconnects several annular lamellae. Little is known about the structure and composition of these annular structures. Differential interference contrast microscopy demonstrates that these cross bridges have a high fibre component and both elastin and fibrillin-1 have recently been immunolocalized to these structures [56] . In the present study we have investigated the morphology and the collagen and proteoglycan composition of the translamellar cross-bridges in normal ovine discs of different ages to provide further insights as to their functional roles.
Materials and methods
All histology consumables were purchased from DAKOAustralia, Botany, Sydney, Australia. Positively charged SuperFrost Plus glass microscope slides were purchased from Menzel-Glaser, GmbH, Germany. Details of the antibodies used and epitope retrieval steps required for detection are provided in table 1 and suppliers are provided below. Monoclonal antibody (Mab) 5-D-5 to versican G3 domain [1, 30, 48] was a gift from Dr Firoz Rahemtulla, University of Alabama, Birmingham, AL, USA. Mab A7L6, rat anti perlecan domain IV [14, 15] and MAb CS-56 to native CS [23] were purchased from Abcam, Cambridge, UK. Mab 12C5 to versican G1 domain originally developed by Dr R Asher [2, 3] was obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and maintained by The University of Iowa, Department of Biological Sciences, Iowa City, IA, USA. Affinity purified rabbit polyclonal antibodies to aggrecan G1 and G3 domains [39, 46, 51] 
Histology
Three lumbar IVDs (L2L3, L3L4 and L4L5) from two 2 dayold lambs and 27 lumbar IVDs from groups of sheep aged 2, 4 and 6 years (nine IVDs from each age, three L2L3, three, L3L4 and three L5L6 IVDs) were examined. The IVDs with superior and inferior vertebral bodies attached, were fixed en-bloc in 10% neutral buffered formalin for 1 week then decalcified in several changes of 10% formic acid in 5% formalin for 2 weeks with constant agitation. Vertical midsagittal tissue slabs (*5 mm) of the vertebral body-IVD specimens were cut and dehydrated in graded alcohols then double embedded in paraffin-celloidin. Sections (4 l) were cut using a rotary microtome, and mounted on SuperFrost Plus glass slides. These were dried at 85°C for 30 min followed by 55°C in an oven overnight. Horizontal slices (2 mm) of selected IVDs devoid of vertebral body and hence requiring no decalcification were fixed directly in 10% neutral buffered formalin for 24 h, dehydrated in graded alcohols, embedded in paraffin wax and sections prepared as outlined above. Following de-paraffinisation in xylene and re-hydration through graded ethanol washes (100-70% v/v) to water, the tissue sections were stained with toluidine blue/ fast green [20] or picro-sirius red [45] , the latter stain was examined by polarised light microscopy. The picrosirius red staining method of Sweat et al. [45] was used after initial removal of tissue proteoglycans as advocated by Junqueira et al. [27] by pre-digestion with bovine testicular hyaluronidase (1,000 U/ml) in 0.1 M phosphate buffer pH 5.0 for 2 h at 37°C. The tissue sections were initially stained in Wiegert's Iron haematoxylin for 30 min, then in 0.1% Sirius red F3BA in saturated aqueous picric acid for 2 h at room temp. The sections were not rinsed in water since sirius red is soluble in water but were washed rapidly in several changes of iso-propanol, cleared in xylene and mounted in Eukitt. Tissue proteoglycans were stained in 0.04% w/v toluidine blue O in 0.1 M sodium acetate buffer pH 4.0 for 10 min and the sections counterstained with 0.1% w/v aqueous fast green FCF for 2 min.
Immunohistology
Four micron tissue sections were cut and adhered to positively charged microscope slides as indicated earlier.
Incubations with primary antibodies (Table 1) were performed using a Sequenza vertical cover-plate immunostaining system [32] [33] [34] [35] [36] [37] . Endogenous peroxidase activity was blocked by incubating the tissue sections with 3% H 2 O 2 for 5 min, washed in water then non-specific binding sites were blocked with a serum free protein block (Dako x0909) or 10% swine serum for 10 min. The perlecan sections were pre-digested with chondroitinase ABC (0.25 U/ml) for 1 h at 37°C in 0.1 M Tris-HCl, 0.03 M sodium acetate buffer pH 8.0, the aggrecan and versican sections were pre-digested for 2 h at 37°C with 0.05 U/ml chondroitinase ABC prior to undertaking the localisations. The tissue sections were incubated overnight at 4°C with anti-perlecan domain-IV antibody A7L6 (5 lg/ml), anti aggrecan G1 or G3 (1:1,000), Mabs 5D5 or 12C5 to versican (1.25 lg/ml) or anti CS (MAb CS-56) 1/1,000 diln diluted in 2% BSA in TBS. Selected tissue sections were pre-digested with chondroitinase ABC (0.25 U/ml) for 2 h prior to undertaking the 3-B-3 and 2-B-6 localisations, these were both used at a dilution of 1/3,000, Mab 5-D-4 to keratan sulphate required no pre-treatment step and was used at a dilution of 1/5,000 [9] [10] [11] [12] [13] . After washing in 50 mM Tris-HCl, pH 7.6 containing 150 mM NaCl 0.05% Tween 20 (TBS-Tween) the slides were incubated with appropriate biotinylated goat anti-rabbit, mouse or rat IgG for detection of primary antibody and horse-radish peroxidase or alkaline phosphatase conjugated streptavidin for visualisation using nova red, new fuchsin or diaminobenzidene substrate for colour development. Negative control sections were developed using an isotype matched mouse monoclonal IgG (clone DAK-GO1) against Aspergillus niger glucose oxidase, an enzyme which is neither present nor inducible in mammalian tissues or for the rabbit and rat primary antibodies were undertaken either omitting primary antibody or using concentration matched non-immune rabbit or rat serum instead of authentic primary antibody. The tissue specimens were examined by bright field, Nomarsky DIC or polarised light microscopy using a Leica photomicroscope linked to a DFC 480 digital camera.
Results
Preliminary examination of toluidine blue stained vertical mid-sagittal sections of IVD revealed discretely stained discontinuities in the AF annular lamellae in all IVDs examined (Fig. 1) . We have called these discontinuities translamellar cross-bridges (TLCBs) since they span in some cases up to eight annular lamellae in a meandering serpentine type fashion (Fig. 2) . The annular cross-bridges were more numerous and extended over longer distances in the anterior than in the posterior AF (Figs. 1, 2 ). These toluidine blue stained cross-bridges were predominantly confined to the mid AF, but a few were also discernable in the outermost annular lamellae in adult IVDs. The cross bridges however were not observed in the transitional zone between the AF and NP. The cross-bridges were contiguous with the interlamellar junctions between adjacent lamellae which also stained with toluidine blue but ran circumferentially around the disc (Fig. 1b-d) .
The cross-bridges contained anionic proteoglycan which stained strongly with toluidine blue compared to the adjacent annulus (Fig. 2a) . Picrosirius red staining of IVD sections viewed under polarised light also clearly delineated the cross bridges extending through a number of annular lamellae (Fig. 2b, c) . Many of the cross-bridges contained strongly refractile fibrous material indicative of highly organised collagenous fibrils, however, these appeared to be separate from the collagenous lamellae through which the cross bridges penetrated, indicating that these are discrete independent structures (Figs. 1d; 2b, c; 3). Toluidine blue stained annular cross-bridges were readily demonstrated in IVDs from 2, 4, and 6 year-old animals ( Fig. 4a-c) . The number of cross-bridges per lamellae and the number of lamellae with cross-bridges (i.e. depth from the disc exterior) increased with age ( Fig. 4d) and displayed a statistically significant increase when the newborn IVDs were compared with all other sample groups (p \ 0.001). The 2 year-old IVDs had less cross bridges than the 4 year-old group but this difference was not statistically significant, and the 4 year-old IVD group also had less cross bridges than the 6 year-old IVD group (p \ 0.05). In contrast, in newborn IVDs annular cross bridges were not as readily identified since they had less associated anionic proteoglycan, particularly those in the outer AF (Fig. 5a-c) . However, immunolocalisation for perlecan demonstrated the presence of blood vessels in the translamellar spaces which penetrated deep within the AF in newborn IVDs (Fig. 5d, e) .
Immunolocalisation studies using antibodies to specific core protein and GAG side chain epitopes were undertaken to characterise the proteoglycans in the translamellar bridges. Positive staining for chondroitinase-generated chondroitin-4 and -6 sulphate (3-B-3 and 2-B-6, respectively) and keratan sulphate (5-D-4) was evident in crossbridges of adult (Fig. 6a) but not new-born discs. The presence of native chondroitin-sulphate in adult crossbridges was demonstrated with CS-56 antibody (Fig. 6b) . This native chondroitin-sulphate co-localised with the G1 and G3 domains of both aggrecan and versican in adult discs (Fig. 6b) . The chondroitin and keratan sulphate epitopes were not confined to the cross bridges but were also immunolocalised to finer fibrillar material emerging from the circumferential interlamellar regions and were also readily visualised in the inner AF and NP in association with positive toluidine blue staining in these same areas (Fig. 7) . Cross bridges were not stained with antibodies to type II, IX or X collagen although other disc regions were positive for these proteins, while type I immunostaining was similar to surrounding lamellae (data not shown). In contrast, type VI collagen was specifically localized to the annular cross-bridges along with the circumferential interlamellar junctions in adult (Fig. 8) but not newborn IVDs (data not shown). Immunolcalisation of type VI Toluidine blue fast green stain collagen indicated that it was not confined to pericellular regions but was diffusely distributed throughout the crossbridge assemblies, a prominent pericellular component of the fibrocartilaginous cells interspersed within the main substance of the annular lamellae and in the matrix of the NP in both adult and newborn discs.
Discussion
The translamellar cross-bridges we have described in the present study are discrete discontinuities in the normal lamellar layers of the AF, they occur from birth to old age but are less readily visualised in newborn IVDs. Proteoglycans are not obviously associated with the translamellar structures in newborn IVDs however small blood vessels penetrate in a serpentine fashion along these structures into the mid AF and can be visualised using antibodies to specific basement membrane components laid down by the endothelial cells (perlecan) to form these vessel networks [35] . Nomarski DIC optics further confirmed the functional status of these vessels by demonstrating they contained red blood cells. These annular blood vessels are transient entities in the developing IVD and they regress with neonatal maturational developmental changes when an increase in proteoglycans occurs concomitant with an increase in the internal hydrostatic pressure in the IVD as it becomes a weight bearing spinal structure [21, 35] . With increasing age the annular cross-bridges become prominent due to the localisation of anionic proteoglycans in these Fig. 4 Vertical mid sagittal sections of the anterior AF of three sheep IVDs aged 2 a, 4 b and 6 years c stained with toluidine blue-fast green to visualise tissue anionic proteoglycan species. Cross bridge arrangements are evident in each of the boxed areas. d The cross bridges were counted in single mid-sagittal sections of newborn (n = 3), 2 year-old (n = 9), 4 year-old (n = 9) and 6 year-old (n = 9) lumbar IVDs. These sections were stained with toluidine blue as depicted in (a, b, c) 
structures which are readily stained by common anionic dyes such as toluidine blue. These toluidine blue stained cross-lamellar bridges were more numerous per lamella and extended a greater depth into the AF with skeletal maturity suggesting that this may represent a functional adaptation to intrinsic biomechanical forces experienced by the disc. We have shown for the first time that aggrecan and versican are localised in the translamellar cross-bridges. However, the cross bridges are distinct from surrounding collagenous lamellae in having a matrix rich in type VI collagen in adult IVDs but no discernable type VI collagen in newborn IVDs, again suggestive of a mechanically driven, age dependant, adaptive change in these connective tissues. The cross-bridges also contain some type I collagen but no detectable type II, IX or X collagen. The progressive increase in GAG containing cross-bridges with age also suggests that this is an adaptation to mechanical loading in the IVD. However, the lack of expression of type II collagen (but abundant type VI collagen) makes the cross bridges distinct from other tensional tissue adaptations to loading such as evident in the compressed regions of tendons or inner meniscus where aggrecan and type II and IX collagen are increased [33] .
A role for aggrecan and versican in the lubrication of collagen bundles to facilitate the sliding of tendon fascicles over one another has been suggested to prevent fibril damage during twisting movements under extreme load [52, 53] . Connective tissues containing collagen bundles which occur at variable angles to one another are subject to focal transverse compressive load even in tissues which are generally considered to be tensional. The small islands of rounded cells of a chondrocytic phenotype in the midmeniscus in a matrix rich in anionic proteoglycan (aggrecan) and type II collagen, may be one such example of focal compressive load leading to phenotypic adaptation of intrinsic cell populations [33] . Type VI collagen accumulates in regions of deep flexor digital tendon around nests of cells experiencing focal compressive load and has been suggested as a marker of fibrocartilage differentiation [8] . The supraspinatus tendon of the human rotator cuff contains a number of structurally independent fascicles which can be variably and independently loaded depending on joint angulation. Inter-fascicular proteoglycan rich regions play a role in the lubrication of these units minimising shear stresses. The annular lamellae of the IVD are also variably loaded with a lamella under tension occurring adjacent to one that is relaxed [41, 42, 47] . The interlamellar regions of the IVD are also proteoglycan-rich. Versican is localised in such annular junctional regions where it may play a similar role to the fascicle associated proteoglycans in tendon [34] . The proposal of versican and and versican e, f in annular cross bridge structures in ovine anterior lamellae, vertical sagittal sections. The antibodies used were MAb CS-56 to native CS a, b anti-aggrecan G1 domain c anti-aggrecan G3 domain d, Mab 12C5 to versican G1 domain e and Mab 5D5 to versican G3 domain f aggrecan acting as lubricating agents is a new role for these proteoglycans in the IVD but consistent with roles proposed for CS-PGs in tendon. Furthermore, type VI collagen is capable of interacting with hyaluronan, a well known lubricating component of synovial fluids [28, 29, 31, 44, 52, 53] and this association may also facilitate the lubrication of collagen bundles.
Trans lamellar cross-bridges have also been observed in the human AF [55, 56] . We hypothesis that these crossbridges represent an adaptation to the complex tensional and compressional loading of the annular lamellae. Therefore any change in disc mechanics that may occur with NP degeneration may also influence the cross-bridges. Future studies will attempt to examine the relationship between the cross bridges and NP degeneration in animal models.
